A cellobiose phosphorylase (CBP) cloned from the Clostridium thermocellum YM4 strain was purified to homogeneity, and the reaction mechanisms of both the phosphorolytic and synthetic reactions were studied in detail. The enzyme reaction proceeded via an ordered bi bi mechanism, in which Pi bound to the enzyme prior to D-cellobiose and then G 1-P was released after D-glucose. The order of substrate binding was different from that of CBP from Cellvibrio gilvus, which bound to cellobiose prior to P;. In the synthetic reaction, the enzyme showed three times higher activity with P-D-glucose than with a-D-glucose, and also showed weak activity with 1,5-anhydro-D-glucitol, indicating that the (3-anomeric hydroxyl group of D-glucose is highly required. However, even when it is removed enzyme activity remains. The substrate specificity and kinetic studies revealed that the configurations of the C3 and C4 hydroxyl groups were strictly required for the enzyme activity, whereas those of C2 and C6 could be substituted or deleted. The mechanism of substrate inhibition by D-glucose was studied in detail and it was concluded that D-glucose competed with G 1-P for its binding site in the synthetic reaction. (19, 20) . Since the YM4 strain was iso lated, there has, however, been no report on genetic work or kinetic studies on CBP. 1 The authors wish to convey their sincere thanks to the Science and Technology Agency (STA), Japan, for a grant to Yeon-Kye Kim. This work was also supported in part by a grant from the Program for Promotion of Basic Research Activities for Innovative Biosciences. 2 To whom correspondence should be addressed. Tel: +81-298-38 8071, E-mail: m-kitaoka@ nfri.affrc.go.jp So far, four cellobiose phosphorylase genes have been cloned (2, 7, 17) , and it is known that there are many highly conserved regions in these enzymes. Comparison of the amino acid sequence of CBP from Clost. thermocellum ATCC27405 (AB013109) with those from Clost. Stercorar ium (U56424), T neapolitana (Z99777), and Cellv. gilvus (AB010707) revealed similarities of as high as 71, 73, and 62%, respectively. On the other hand, two CDPs have been cloned from Clost. thermocellum ATCC27405 (AB006822) and Clost. stercorarium (U60580), and there is only 23% similarity between the two enzymes. Recently, we cloned the cellodextrin phosphorylase gene of the Clost. thermocel lum YM4 strain (21). It showed 92% similarity with that of Clost. thermocellum ATCC27405, promising that the CBPs of ATCC27405 and the YM4 strain would exhibit even higher similarity.
The reactions of cellobiose phosphorylases from Cell vibrio gilvus (10, 15) and Cellulomonas uda (16) have been reported to follow the sequential bi bi mechanism, with the same order of substrate binding and product release: e.g. cellobiose binds to the enzyme before P and then G 1-P is released after D-glucose. Maltose phosphorylase from Lac tobacillus brevis (14) also follows the same reaction mecha nism. Alexander (8) We have been studying the phosphorolytic enzymes (CBP and CDP) of the Clost. thermocellum YM4 strain. In this study, for a detailed understanding of the reaction mecha nism of CBP, the cbp gene of the Clost. thermocellum YM4 strain is cloned using the PCR method and the recombi nant enzyme is purified after being expressed in Escheri chia coli. With the purified enzyme, the reaction mech anisms of both the phosphorolytic and synthetic reactions are extensively studied, and the substrate/acceptor specific ities and substrate inhibition by D-glucose are studied in detail. Assay Methods-The amount of protein was measured based on the molar coefficiency ofA2, of 158200. G 1-P was measured using the phosphoglucomutase-glucose-6-phos phate dehydrogenase system (24). D-Glucose was measured by the glucose oxidase peroxidase method with mutarotase (25) using the Glucose CH Test (Wako Pure Chemicals, Osaka). Quantification of P; in the presence of G 1-P was carried out by the method of Lowrv and Lopez (26). 
MATERIALS AND METHODS

Materials
For the kinetic parameters of the substrate competitive in hibition by D-glucose, initial velocity was fitted to Eq . Purification of the Recombinant CBP-Purification of the CBP expressed in E. coli was carried out by three chro matographic methods, i.e. Ni-NTA agarose affinity chroma tography, Superdex 200 gel filtration chromatography and Mono Q anion exchange chromatography (Fig. 1) . After Mono Q chromatography, it emerged as a single band on SDS and Native PAGE. The molecular mass of the purified enzyme was estimated to be 92 kDa, which corresponded well to the Mr (93,755) estimated from the deduced amino acid sequence. When the molecular weight of the purified enzyme was determined by gel permeation chromatogra phy (Superdex 200), it was estimated to be 170 kDa, indi cating that the enzyme is a homo-dimer in the native condition.
Reaction Mechanism of CBP-When double reciprocals of the initial velocities against the initial concentrations of D-cellobiose were plotted at several fixed concentrations of Pi, the lines crossed at a certain point on the second quad rant (Fig. 2) , indicating that the enzyme reaction follows the sequential bi bi mechanism (27). The inhibition pat terns of the products, G 1-P and D-glucose, against the sub strates, D-cellobiose and P,, are shown in Fig. 3 . G 1-P acted as a competitive inhibitor against Pi (Fig. 3B) , whereas oth ers (Fig. 3 , A, C, and D) showed mixed type inhibition pat terns. These patterns were confirmed by triplicate ex periments. These results clearly indicate that the reaction of CBP of the Clost. thermocellum YM4 strain follows an ordered bi bi mechanism (27), in which Pi binds to the enzyme before D-cellobiose and then G 1-P is released after D-glucose (Scheme 1). Substrate Specificities in the Synthetic Reaction-To Scheme 1. Ordered kinetic mechanism of CBP from Clost . then mocellum YM4. understand the synthetic reaction, substrate specificities were investigated with 32 different compounds including pentoses, hexoses and their derivatives at 5 mM with 10 mM G 1-P (Table I) (Fig. 4) . When the initial velocities for the sub strates selected were investigated within the concentration range of 1-100 mM, all the substrates examined showed substrate inhibition patterns to some extent (Fig. 4) . Among them, the strongest inhibition was observed with D glucose. The apparent kinetic parameters (Km k.t and k./ Km) were calculated at lower concentrations of each sub strate where the inhibition was neeliiible (Table II) . For the reaction, 10 mM G 1-P and 5 mM each substrate were used. Minus (-) means under 2% of the D-Glucose value . J Biochem. Values were calculated at the following concentrations: e1-10 mM, b5-40 mM , e5-50 MM' d15-70 mM, el-15 mM, 15-40 mM, 95-20 MM, and h1-5 mM. 
DISCUSSION
In this study, the cbp gene of the Clost. thermocellum YM4 strain (AY072794) was cloned by the PCR method. The amino acid sequence exhibited 99.6% similarity with that of Clost. thermocellum ATCC27405, indicating that these two cellobiose phosphorylases might have identical charac ters. However, on alignment, the sequence of CDP from the Clost. thermocellum YM4 strain exhibited 92% similarity to that of Clost. thermocellum ATCC27405 (21), indicating that the YM4 strain produced by CDP was different from that of Clost. thermocellum ATCC27405.
Disaccharide phosphorylases can be divided into two classes based on the anomeric configuration of the glucose 1-phosphate produced through the phosphorolytic reaction of the enzymes. For sucrose phosphorylase (28) the ano meric form is retained after phosphorolysis and for the oth ers, such as cellobiose phosphorylase (1) (2) (3) (4) (5) (6) (7) (8) , maltose phos phorylase (29), trehalose phosphorylase (30), and laminari biose phosphorylase (31), the anomeric form is inverted after phosphorolysis of the substrate. It was known that the reactions of all the inverting disaccharide phosphory lases so far reported proceed through an ordered bi bi mechanism. For instance, the reactions of CBPs from Cello .
gilvus (10-15) and Cellu. uda (16) proceed through an ordered bi bi mechanism, in which D-cellobiose binds to the enzyme before Pi and then G 1-P is dissociated from the E G 1-P intermediate in the last stage. In the case of CBP of the Clost. thermocellum YM4 strain, the reaction mecha nism was not the same as for other CBPs (10, 15, 16) , in which Pi bound to the enzyme before D-cellobiose and then G 1-P was released after D-glucose (Scheme 1). It is inter esting that the substrate binding order of CBP of Clost. thermocellum YM4 is different from that of Cello. gilvus (10-15), although the amino acid sequence similarity is as high as 62%.
As shown in Table II Inhibition by D-glucose has been reported for several phosphorolytic enzymes such as phosphorylase (32), su crose phosphorylase (28), cellobiose phosphorylase (10) , and l aminaribiose phosphorylase (33). In the cases of phospho rylase and sucrose phosphorylase, n-glucose only acts as an inhibitor. However, in the case of CBP from Cello . gilvus, it acts not only as a substrate but also as an inhibitor . Kita oka et al. (10) studied the inhibition mechanism of CBP from Cello. gilvus by means of kinetic analyses, and re ported that the inhibition was caused by competition for the G 1-P binding site by n-glucose, so called competitive substrate inhibition. The inhibition of CBP from the Clost . thermocellum YM4 strain seemed identical with that of In conclusion, the enzyme reaction of CBP from the Clost. thermocellum YM4 strain follows essentially the same mechanisms (sequential bi bi mechanism, substrate specificity and substrate inhibition) as other CBPs from Cello. gilvus (10-15) and Cellu. uda (16) , with the exception of the substrate specificity for 1,5-anhydro-D-glucitol.
How ever, the substrate binding order is different, whereas the amino acid sequence similarity is very high (62%). How ever, it is still unclear what the difference in the order means. The formation of the binary complex (E-P,) may have important roles as to the correct active-site conforma tion and enzyme activity of the CBP of the Clost. thermnocel lum YM4 strain.
